Direct measurements are presented of the Schottky barrier (SB) heights of carbon nanotube devices contacted with Pd electrodes. The SB barrier heights were determined from the activation energy of the temperaturedependent thermionic emission current in the off-state of the devices. The barrier heights generally decrease with increasing diameter of the nanotubes and they are in agreement with the values expected when assuming little or no influence of Fermi level pinning.
Introduction
It has been shown that carbon nanotube field effect transistors (CNTFETs) can act as Schottky barrier (SB) devices where the current is controlled by electrostatically modulating the thickness of a SB formed at the CNT-metal contact if the channel is sufficiently short [1] . In order to achieve a high on-current and a low offcurrent, desirable for the integration of CNTFETs into electrical circuits, the SB height for holes (electrons) in the case of a p-type (n-type) device should be minimized. According to the Schottky-Mott theory, the SB height for electrons at the interface between a metal and a semiconductor is determined by the difference in work function of the metal and the electron affinity of the semiconductor [2] . However, for many conventional bulk semiconductor-metal contacts the SB height has a much weaker dependence on the metal work function than is expected from the Schottky-Mott theory, an effect known as Fermi level pinning.
Several different theories have been developed that try to explain the pinning phenomena. Some theories include the formation of states in the band gap of the semiconductor close to the contact that may arise due to defects or disorder or be induced by the metal giving rise to an interface dipole altering the barrier height, while the chemical bond polarization theory attibutes dipole formation to the polarization of bonds at the interface [3] . It has been theoretically predicted that the density of metal-induced gap states has to be very large in CNTs in order to induce any pinning of the Fermi level in a metal-CNT contact [4] . For end-bonded CNTs it has also been predicted that even for strong pinning the lack of effective screening will result in a barrier height which is determined only by the metal work function and the CNT band gap [5] , which enables control of the barrier height by an appropriate choice of contact metal. It has been shown that metals with high work function, such as Pd ( = 5.12 eV) give p-type behaviour with a high on-current for CNTs with sufficiently large diameters [6, 7] , indicating that the Fermi level of the metal is close to the valence band of the CNTs. Ti, which has a lower work function ( = 4.4 eV) than Pd, can give ambipolar characteristics with significant current for both holes and electrons, indicating that the Fermi level of the metal is close to the middle of the band gap of the CNT [8] while Ca with  = 2.9 eV gives n-type characteristics [9] .
Even though many different metals have been studied as contacts for CNTFETs, the SB height has only been measured on single devices with Cr [10] and Ti [11] contacts which both give a similar barrier height for electrons and holes. Room temperature measurements of CNTFETs contacted with Pd, Ti or Al have shown that the on-current increases with increasing CNT diameter and metal work function, consistent with the behaviour expected from the ideal Schottky-Mott theory, but no SB heights were determined in these experiments [7, 12] . A measurement of the on-current cannot be directly correlated to the SB height since the exact metal-CNT bonding geometry has to be taken into account, e.g. a metal with poor coupling to CNTs should give a lower on-current than one which has a strong coupling, even although the SB heights are comparable [13, 14] . The effective SB height has been measured at gate voltages where there is significant band bending in the CNT [1, 15] . However, the effective SB does not give a good measure of the real barrier height since tunnelling dominates the transport at these gate voltages. Photocurrent [16] and scanning gate microscopy [17] experiments have also been used to image the SB between a metal and a CNT to study e.g. the depletion layer width, but quantitative results for the barrier heights were not extracted.
Here we present direct measurements of the SB heights for nine CNT devices contacted with Pd electrodes.
The barrier heights, determined by studying the temperature dependence of the thermionic emission current, known as the activation energy method [18] , are also directly correlated to the diameters of the CNTs. The SBs decrease with increasing diameter of the CNTs, and are in agreement with the ideal values estimated from the difference in work functions, with the single exception of a large diameter CNT which we consider to be a small bundle of CNTs.
Fabrication
CNTs were grown on heavily n-doped Si wafers, with 400 nm thermally grown oxide, using thermal chemical vapour deposition (CVD). Catalyst islands with 5 nm Al 2 O 3 / 1 nm Fe were patterned using electron beam lithography (EBL). The growth was performed for 15 min at 900 °C in a tube furnace with 500 sccm of CH 4 / 100 sccm of H 2 . The grown CNTs were mostly single-walled as seen in a transmission electron microscope and have an average diameter of 1.6 nm as measured using an atomic force microscope (AFM). Isolated CNTs were located using a scanning electron microscope and electrodes of 0.5 nm Ti / 30 nm Pd with separations of 0.5-9 µm are patterned using EBL. The thin layer of Ti acts as an adhesion layer for Pd but does not significantly influence the contact properties since it is much thinner than the diameter of the CNTs [16] . If a significant amount of Ti were still to contact the CNTs the resulting SB height would be inhomogeneous and the current would be dominated by the lower Pd-CNT barrier [7] .
Electrical characterisation and extraction of the SB height
The devices were electrically characterized in a vacuum (10 -6 mbar) at temperaures down to 100 K using a source-drain bias of V d =100 mV (source is grounded) and the Si substrate as a back gate. The transfer characteristics for a typical device at different temperatures are presented in figure 1 . The minimum resistance of the devices in the on-state is around 70 k and increases with increasing temperature, indicating that scattering within the CNTs is the main contribution to the resistance [19] . In contrast, the resistance in the offstate decreases with increasing temperature, indicating that thermally activated transport at the contacts is the main contribution to the resistance. All devices show ambipolar characteristics but with an order of magnitude larger on-current for negative gate voltages (V g ) which indicates that the barrier for holes is smaller than that for electrons. For negative V g the bands will move up making the SBs thinner and allowing for tunnelling of holes. The application of a high positive V g will move the bands down, eventually making the SB for electrons thin enough to obtain a tunnelling current. For intermediate V g at low V d the band bending is very small i.e. the SBs are too thick to allow tunnelling. In this regime the only possible transport mechanism is thermionic emission over the barriers resulting in a current of [20] . The exponent of T in the preexponential factors is set to one since the transport occurs in a 1D system [21] . The SB height is extracted by plotting the data from figure 1 in an Arrhenius plot (see figure 2A) which shows a linear relation between log(I d /T) and 1/T for T=300-450 K. An activation energy E a is calculated from the slope of a linear fit to the Arrhenius plot and plotted as a function of V g (see figure 2B) . The linear fit is good close to the V g corresponding to the maximum E a which, together with the dominating p-type branch in figure   1 , shows that only holes give a significant contribution to the current which enables us to ignore the thermionic emission contribution from electrons in eq. (1). The slope of the Arrhenius plot is smaller for the three lowest temperatures (T=175-225 K) indicating that tunnelling, which has a weaker temperature dependence compared to thermionic emission, contributes significantly to transport at low temperatures [11] . figure 3C ).
At other gate voltages E a starts to decrease for smaller V d indicating that tunnelling has a larger impact on the transport at these V g (see figure 3C ). For the voltages used in our experiments, the arguments above can be used to simplify eq. (1) as
which describes the current at small V d and at a V g corresponding to the flat band condition. Equation (2) is valid in a limited V g range around the maximum of the E a vs V g plot, which corresponds to the SB height. barrier becomes thinner at the source allowing for tunnelling which lowers the activation energy. Others have found an activation energy which is nearly constant over a large V g range and similar for holes and electrons and concluded that the Fermi level of their Cr contacts is positioned in the middle of the band gap of the CNT [10] . However, for similar barrier heights for holes and electrons an Arrhenius plot would not give a straight line. Therefore a fit corresponding to eq.(1) using a sum of two exponentials has to be made to the measured data to accurately extract the barrier height [22] .
The slope of the Arrhenius plots in figure 2A is lowered if we move away from the V g corresponding to the maximum E a . The two possible cases for the position of the bands at the maximum E a are shown in figure 4 . If the maximum E a corresponds to the situation when bands are bent down with respect to the flat band condition ((2) in figure 4 ), decreasing V g would result in a larger thermionic emission current and less tunnelling and thus the linear fit to the Arrhenius plot would be shifted up (as shown by the dashed lines in figure 2A ).
However, if the maximum E a corresponds to the flat band situation ((5) in figure 4 ), decreasing V g would give the same thermionic emission current but a larger tunnelling current. Since the measured Arrhenius plots are not shifted laterally and the effective Richardson's constant or the contact area should not change during the measurement we conclude that the change in slope is due to increased tunnelling as we move away from the maximum E a and thus the maximum is a good estimate of the real SB height. That the maximum E a does not occur at V g = V d = 100 mV for which we expect to have flat band conditions at the drain side is most likely due to charge trapping in the oxide [23] or water molecules absorbed at the surface [24] which will shift the threshold voltage and give hysteresis in the transfer characteristics. We find that the measured activation energy is the same for interchanging the source and drain contact i.e. the exact microscopic structure of the contact does not influence the SB height. Also repeated heating and cooling cycles, with exposure to air in between measurements, do not influence the measured SB height.
In the absence of Fermi level pinning in the CNT-metal contact the SB height for holes can be expressed as
where the band gap E g = 2a C-C  0 /d with a C-C = 1.42 Å,  0 = 2.89 eV and d the CNT diameter [25] . The extracted SB heights for nine Pd contacted CNTs are plotted as a function of their diameter in figure 5 . The diameters were determined by taking the average of at least 10 height measurements across different regions of each nanotube using an AFM. Included in the figure is also a theoretical estimate of the SB using (3) with  CNT = 4.9  0.1 eV [26] [27] [28] and  Pd = 5.12 eV [29] . It is clear that the SB height is lowered with increasing CNT diameter. The SB heights extracted from the measurements are typically higher than the theoretical estimate but are within the error limits, based on the  0.1 eV uncertainty in the carbon nanotube work function determination [26] [27] [28] . The device with the largest diameter nanotube in the series (2.9 nm) shows a clear deviation from the general trend with a SB significantly higher than the theoretical estimate (the data point is shown as an open square in figure 5 ). I is a small bundle consisting of several CNTs that have been entangled during growth. A small bundle is difficult to distinguish from a single CNT using AFM. The extracted barrier height in such a device would be dominated by the CNT with the largest diameter but the AFM measurement would considerably overestimate the diameter. 
Conclusions
We have shown that care has to be taken when extracting the SB height from activation energy measurements since there is a possibility that both electron and hole currents in CNTs depend on the band bending situation.
We have found that the SB heights for CNTs contacted by Pd electrodes are inversely proportional to their diameter and are in agreement with values expected for a contact with little or no Fermi level pinning [4] . The absolute values determined are within the uncertainty given predominantly by the uncertainty in our knowledge of the CNT work function. We have taken the most accurate values in the literature determined by photoelectron spectroscopy and field emission microscopy, which gives a value independent of nanotube diameter with an error of 0.1 eV [26] [27] [28] . To further study the influence of interface states and the effect of Fermi level pinning in CNT-metal contacts, the SB height for metals with different work functions should be studied. However, due to the large uncertainty in the diameter and the work function of the CNTs, work on devices with multiple contacts of different metals on the same CNT is in progress.
